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Abstract 
This paper discusses photopic and scotopic vision of the human eye and the implications 
that could result in the design process of the lighting industry. The incorporation of scotopic 
vision in lighting effects the perceived illumination in all settings; but these affects and benefits 
are seen more prevalently at night, as this is when scotopic vision is utilized by the eye the most.   
The paper will begin with an overview of the eye including discussions of exactly what 
photopic and scotopic vision are, as well as how the eye works. This will lay a foundation for the 
paper to help the reader better comprehend and understand the remainder of the content. After 
the groundwork has been laid, the factors that affect how the eye perceives light will be 
discussed. These factors include pupil size and color of the light. A discussion of the basis for 
current lighting industry design and how light levels are measured will follow. Once these topics 
have been fully explored, there will be a discussion of the changes that could occur in the 
lighting industry if scotopic vision is taken into account. Increased energy efficiency would 
result if the scotopic vision is incorporated, resulting from the decrease in needed total lumen 
output. There have been a few applications that have utilized the effects of the scotopic vision in 
their design, these cases will be presented. Following the case study discussions, will be a 
discussion of a survey conducted by myself on the change-out of high pressure sodium (HPS) 
fixtures to LED fixtures in the downtown Poyntz Avenue area of Manhattan, KS. After all 
studies have been reviewed, conclusions and correlations among them will be explored. 
Following this analysis, suggestions will be given to improve the way lighting is designed in the 
industry.  
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 Chapter 1 - Introduction 
In the lighting industry, one of the design goals is to have the lowest possible power 
density while still providing adequate illumination of the space. This keeps the operating cost 
low for the owner as well as reducing overall energy consumption. The way the human eye 
perceives light factors into this and a better understanding of it has the potential to make a large 
impact in the lighting industry. 
There are many factors that influence the way light is perceived. This paper will discuss 
those factors after first giving an overview of how the human eye works. The eye’s make-up has 
a large effect on how light is perceived by the human eye. To fully understand and get the most 
benefit possible out of a lighting design, the functions of the eye must be understood. 
The paper will then follow up with how the industry currently bases its design of lighting, 
review case studies, and discuss a survey conducted in Manhattan, KS. The case studies will 
examine the advantages of scotopically enhanced lamps and the corresponding benefits. These 
include: increased patron satisfaction, reduced energy consumption, decreased operating cost, 
and short return on investment. In addition, comparisons will demonstrate how to fully analyze 
lamps to choose the best possible solution for the given application. 
Next, relationships among studies will discuss the main aspects and design concepts 
affecting lighting and the incorporation of scotopic vision. This will allow for suggestions of 
how to improve the industry to be presented. 
 The changes needed to integrate scotopic vision into lighting design to more accurately 
match the way the human eye perceives light are simple and will greatly advance and improve 
the lighting industry in many ways. 
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Chapter 2 - How the Eye Works 
The eye is composed of many parts, but it is the rods and cones that sense light. The 
peripheral area of the fovea (the center of the retina) contains both rods and cones in a ratio of 
10:1. Rods are responsible for scotopic vision while cones are responsible for photopic vision 
(Erdman, n.d.). The following is a diagram of the eye to better describe its functionality.  
 
Figure 2.1 Human Eye Diagram (Erdman, n.d.) 
The retina is located at the back of the eye, as can be seen from the preceding diagram, 
Figure 2.1, and contains both rods and cones, with the center containing densely packed cones. 
In the eye, cones are found mainly in the eye’s fovea falling in a 2° area; this is only 0.02% of 
the total human visual field (Turlej, 2000). The rods are located away from the fovea, with the 
maximum density area 10 to 20° off of the foveal axis. As a result of the rods not being located 
in the center of the eye, they are not utilized much when looking directly at objects. Peripheral 
vision employs mainly the rods (“Some Issues”, 1996), while cones are the part of the eye that 
help in seeing fine detail and color (Berman, “Energy”, 1992). 
Another important aspect to note about rods and cones is that cones have a higher visual 
acuity than rods. This means that the eye sees less detail with rods; however, rods are able to 
pick up motion well (“Some Issues”, 1996). Cones peak in the yellow-green spectrum of 555 
nanometers, while the rods peak in the bluish-green spectrum at 505 nanometers. As you can see, 
rods and cones differ in sensitivity to color, as demonstrated in Figure 2.3 (Erdman, n.d.). The 
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 wavelength sensitivities of the three types of vision can be seen in the following graph, Figure 
2.2 (Turlej, 2000).  
 
Figure 2.2  Scotopic and Photopic Wavelength Sensitivity Graph (Turlej, 2000) 
 
The reason for the difference is that cones and rods contain different photo-pigmentation 
(Berman, “Energy”, 1992). Rods and cones cannot be fully separated, as they both play a role in 
light perception (“Scotopic”, 2010). An inverse relationship exists between cones and rods; 
cones contribute to vision less when there is a low amount of illumination, while rods contribute 
to vision more during this time (Yaguchi, 2006).  
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Figure 2.3  Cone Sensitivity Graph (“Eye Spectral”, n.d.) 
There are three types of cones: L-cones, which are long-wavelength sensitive; M-cones, 
which are mid-wavelength sensitive; and S-cones, which are short-wavelength sensitive (“Eye 
Spectral”, n.d.). Figure 2.3 shows the wavelength sensitivity of the three cone types. 
S-cones are the least numerous among the three types, as well as the least sensitive. The 
main responsibility of the S-cones is to relay the color blue. There are no S-cones on the fovea, 
therefore the fovea is considered to be blue blind (“Eye Spectral”, n.d.).  
L- and M-cones are the primary input for luminance and are located in large numbers on 
the fovea. These L- and M-cones influence the spectral sensitivity of the eye (Schanda, Morren, 
Rea, Rositani, & Walraven, 2002).  
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 Direct object detection identifies objects in the immediate area and does not depend on 
brightness; direct object detection relies on the fovea of the eye, therefore it utilizes the photopic 
vision as the fovea contains cones only (Josefowicz & Ha, 2008).  
Spacial brightness perception utilizes rods and cones found on the retina. This means that 
spacial brightness perception is in both photopic and scotopic vision, also known as mesopic 
vision. Spacial brightness perception is how bright the illumination is perceived to be in a broad 
area, which can affect how safe people feel in that area; this aspect is important to consider when 
designing lighting (Josefowicz & Ha, 2008). Beyond a 5° range, visual acuity decreases due to a 
decrease in the density of the cones; therefore spectral sensitivity changes with retinal 
eccentricity (Schanda et al., 2002).  
It has been stated that cones are more responsible for day vision while rods are more 
responsible for night vision (“Scotopic”, 2010). In dim light, such as nighttime, there is not 
enough light to activate the cones and therefore creates an absence of color perception; but there 
is enough light to activate the rods, as stars are visible in the sky when there is no cloud cover 
(Berman, “Energy”, 1992). In low light levels, the eyes perceive only brightness as a result of 
there not being enough illumination to activate the cones (“Some Issues”, 1996). Rods are 
mainly responsible for night vision, but also contribute to other vision as well (Berman, 
“Energy”, 1992) and are the primary control for the closing and opening of the pupil (Berman, 
“The Coming”, 2000).  
 Types of Vision 
There are three types of vision that enables the eyes to see. The first is photopic vision, in 
which the cones in the eye are activated. This generally occurs during the day and in areas with 
high levels of illumination (Josefowicz & Ha, 2008). Photopic vision is also characterized by 
high acuity, color vision, and low light sensitivity (Green, 2009). Scotopic vision is the second 
type of vision and is characterized by low light levels; this type of vision is used at night 
(Josefowicz & Ha, 2008). Scotopic vision is also characterized by poor acuity, no color vision, 
and high light sensitivity (Green, 2009). The final type of vision is called mesopic vision and is 
characterized as an in-between vision where both the rods and cones are utilized (Josefowicz & 
Ha, 2008). Vision at night occurs in the mesopic vision where there is a mixing of rod and cone 
use. While in the mesopic range, the bottom of the cone and the top of the rod operating levels 
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 overlap. As the eye transitions into mesopic vision, the contrast sensitivity declines rapidly 
(Green, 2009).  
 How the Eye Moves Through the Types of Vision 
The eyes must be able to transition between the different types of vision. During the day, 
the eyes utilize photopic vision when there is plenty of light available; this is ideal for seeing 
contrast. As the day progresses, the light levels change and the eyes have to adjust for that. The 
eyes operate by inhibition and then slowly switch over to convergence. When the eyes are 
functioning in convergence, the outputs from the rod and cone receptors are summed together. 
This increases sensitivity, but reduces the resolution. So therefore in dim light, the eyes have 
greater sensitivity to light (“Some Issues”, 1996). Vision at night differs from vision during the 
day. At night, vision has a lower saturation and shifts towards a blue intensity; there is also some 
loss in visual acuity (Ning, Weiming, Jiaxin, & Jean-Claude, 2009). 
 How the Eye Adapts 
There are four different adaptations the eyes go through. These adaptations occur during 
two time phases, the slow phase and the transient phase. The slow phase takes about 45 minutes 
while the transient phase occurs in only about a second or more (Green, 2009).  
The first adaptation is referred to as “dark adapt”. This occurs when going from a bright 
to dark space and happens at a slow or transient phase. The eyes also go through “light adapt” 
when going from a dark to bright space. Both of these can also occur at a slow phase or a 
transient phase. Consequently, the four types of adaptation are: dark adapt slow phase, dark 
adapt transient phase, light adapt slow phase, and light adapt transient phase.  During the 
transient phase, the sudden change in illumination causes a significant impairment on vision. The 
purpose of the transient phase is to adjust the eyes enough to allow for adequate functioning 
during the slow phase. The graph on the following page, Figure 2.4, depicts what happens in the 
eyes during slow phase dark adaption; as time progresses, the sensitivity of the rods and cones 
change (Green, 2009).  
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          Figure 2.4  Dark Adapt Graphical Depiction (Green, 2009) 
 
As can be seen from the graph above, initially it is the cones that are adapting 
aggressively. During the beginning of the adaptation, the lower bound, which is depicted by the 
blue line, is being set by the cones, the green line. After about five minutes, the lower bound is 
set by the rods, the red line. This occurs because the eyes are adapting from light to dark and the 
cones are more active in light. As time progresses, the cone sensitivity levels off and the rods 
begin to adapt. At this point, the rods start to set the lower threshold of vision. The duration of 
the adaption varies depending on the level of initial adaption and the final level of adaption, as 
well as wavelength, amount of time in the bright light, and area of the retina. The adaptation 
process can take up to 45 minutes (Green, 2009).   
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Chapter 3 - Factors Influencing the Way Light is Perceived 
Many factors can have an influence on the way the human eye perceives illumination; 
two factors that carry more weight are color rendering of the lamp and pupil size. Both aspects of 
vision, pupil size and color of the light, are important in visual performance. These factors can 
then impact several other aspects contributing to perception. 
The first of the main factors that influences the way the human eye perceives brightness 
is the color rendering of the light source. More energy is required in the blue/red spectrum than 
in the yellow/green spectrum to achieve the same photopic illuminance (Erdman, n.d.).  
Pupil size also has an effect on the way light is perceived (Schanda et al., 2002) and is 
controlled by the scotopic luminance level (Berman, “Energy”, 1992). This means that the pupil 
size is controlled mainly by the rods (Berman, “The Coming”, 2000). The size of the pupil 
influences visual acuity, the ability to determine fine detail and depth of field, and the ability to 
maintain the focus of objects over a range of distances. Increases in luminance level will 
generally decrease pupil size. A larger pupil in a moderate to low contrast setting results in 
reduced visual acuity. In a study done by Campbell, Ogle, Schwartz, Tucker, and Charman, a 
larger pupil also resulted in a decrease of depth of field. Therefore, it can be seen that a smaller 
pupil is beneficial for vision, as a smaller pupil size results in an increase of visual acuity and an 
increased improvement of depth of field (Berman, “Energy”, 1992). This can in turn result in an 
increase in brightness perception.   
White light that is more in the blue-green spectral distribution will be more efficient in 
decreasing pupil size than lighting that is lacking blue-green spectral distribution (Berman, 
“Tuning”, 1992). A higher visual performance can be achieved with a light source high in the 
blue power distribution, as it appears brighter (“Some Issues”, 1996).  
Visual clarity is the result of a combination of advantages from scotopically rich 
illumination, these advantages include: increased brightness perception and an increase in depth 
of field. Increased color temperature of a light source correlates to a higher S/P value (the ratio of 
scotopic lumens to photopic lumens) and in turn results in increased visual clarity and decreased 
pupil size. Smaller pupil size also results from an increase in vertical luminance in the periphery 
(Berman, “Energy”, 1992). 
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Chapter 4 - How the Lighting Industry Currently Defines/Measures 
Illumination 
Because of the way luminance levels are currently measured, light sources with equal 
amounts of illumination can have differing brightness and clarity of brightness due to their 
varying color characteristics.  
Light levels are currently measured based on brightness matching (Turlej, 2000), which is 
the amount of photopic lumens emitted by a light source (“Scotopic”, 2010). This means that 
current luminance meters only take into account the cone sensitivity of the eye (Berman, 
“Tuning”, 1992). Different applications need different luminous efficiency functions. Acuity can 
be characterized using a simple additive luminous efficiency function, while brightness cannot 
be characterized using such a simple luminous efficiency function.  
There are three basic luminous efficiency functions that are used commonly: V(λ), 
VM(λ), and V10(λ). These efficiency functions cannot be used for perceived brightness 
(Schanda et al., 2002). Photopic luminous efficiency functions are based on the cones which 
have the functions V(λ), VM(λ), and V10(λ). Scotopic luminous efficiency is based on the 
sensitivity of the rods and has the function V’(λ). Currently the photopic luminous efficiency 
function, V(λ), is what is used commercially to characterize the performance of lighting 
products. V’(λ) is not used commercially, only in the academic arena to characterize light 
sources in very dim starlit conditions (Rea & Bullough, 2007).  
V(λ) does not work well for most outdoor lighting applications, as the luminance levels 
are not high enough for cone-only vision. Outdoor lighting applications are more suited for the 
mesopic region of vision (Rea & Bullough, 2007). The V(λ) luminous efficiency function does 
however work well for: acuity, reaction times, flicker, apparent movement minimization, and 
minimally distinct borders. The V(λ) luminous efficiency has been used since 1924 to 
characterize illumination. It was believed that all aspects of lighting – brightness, acuity, flicker, 
and photometry – all follow the same laws; this has been proven to not be true in many studies 
and surveys that have been completed (Schanda et al., 2002).  
The difference between the V(λ) and VM(λ) efficiency functions is generally unimportant 
for foveal tasks. There are a few instances where this does matter; for example, this difference 
9 
 matters for narrow band sources that only emit short wavelengths.  To get a more accurate sense 
of the perceived illumination, it is better to use the VM(λ) efficiency function than the V(λ) 
efficiency function currently used by manufacturers.  A more important difference for light 
sources with short wavelengths, including white light sources and daylight fluorescents, is 
between the V(λ) and the V10(λ) luminous efficiency functions. The importance results from the 
color matching of the visual fields (Schanda et al., 2002).  
The difference between V(λ) and VM(λ) is more noticeable for LEDs. These luminant 
sources are becoming more prevalent in industry and, as a result, the incentive to change the 
measurement system and industry standards will increase (Schanda et al., 2002). Various light 
sources produce differing amounts of energy per wavelength over the visual spectrum. These 
differences in spectral output are not taken into account as lamps are measured on their photopic 
lumen output (Berman, “Energy”, 1992).  
Scotopic and rod response has been assumed to be irrelevant. This is not necessarily true 
as the rods are responsible for pupil size, which has an effect on the eye’s perception of 
illuminance. Currently, the industry tries to reduce pupil size by increasing luminance levels. 
This method is inefficient and does not take advantage of the rods’ effect on pupil size, and in 
addition adds glare. A solution would be to choose a scotopically enhanced lamp, meaning to 
choose a lamp that has a higher color temperature; this will in turn activate more rods (Berman, 
“The Coming”, 2000). 
 Current Luminance Meters in Industry 
Luminance meters used today are calibrated to the 1951 CIE Colour Space Standards 
(“Visually Effective”, 2010). This standard is based on the spectral luminous efficacy function, 
V(λ), which is good for visual acuity and therefore is a good measure of task-performance, but is 
not good for evaluating brightness (Schanda, 1997). This standard does not take into 
consideration scotopic vision and relies solely on photopic vision. It has been found that the eye 
is more sensitive to blue wavelengths than what current light meters are calibrated to and 
therefore the readings are not truly what the eye sees (“Visually Effective”, 2010).   
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Chapter 5 - How the Industry Could Change 
There are several ways the industry could change for the better by incorporating scotopic 
vision in addition to photopic vision already being utilized. The lumen output of a lamp is 
currently obtained by averaging the wavelength spectral power distribution over the photopic 
visual efficiency of the eye. Therefore an incandescent lamp and a fluorescent lamp could have 
equal photopic luminance levels measured with the current luminance meters used in industry, 
although the illumination from the two lamps may actually be very different (Berman, “Energy”, 
1992). A new photometry system enhanced with scotopic vision could be used as well as a new 
type of luminance meter. 
  A New Photometry System 
A photometry system to measure luminance could be used that unifies photopic, scotopic, 
and mesopic perceptions (Rea, Bullough, Freyssinier-Nova, & Bierman, 2004). Luminance 
sources that have a richer spectral content in the scotopic region need less photopic luminance to 
give the same visual performance, clarity, and brightness. If the spectrum of the lamp is taken 
into consideration, there is a great opportunity for energy efficiency and cost-effective design 
(Berman, “Energy”, 1992).  
Using the knowledge of how pupil size affects our vision, a reduction in lighting energy 
can be achieved without reducing visual effectiveness. This can be realized by assuming the 
existing lighting condition of a space provides a satisfactory level of illumination. By changing 
the spectrum of the lamping while maintaining the pupil size created by the existing condition, 
the energy consumption can be reduced as a result of selecting a different lamp with higher 
scotopic lumens per watt (Berman, “Energy”, 1992).  
Pupil lumens are a more accurate measure of output lumens. Pupil lumens are obtained 
using the equation P(S/P)0.78, where P=photopic lumens and S=scotopic lumens. The ratio of 
scotopic to photopic lumens is known as the S/P ratio and is a property of the lamp’s spectral 
power distribution. The pupil lumens of a few lamps can be observed in Table 5.1 that follows 
along with photopic lumens, scotopic lumens, and pupil lumens per watt. (Berman, “Energy”, 
1992) 
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Lamp 
Photopic 
Lumens 
Scotopic 
Lumens 
Effective pupil 
lumens 
P(S/P).78 
Relative power, 
level for equal 
pupil size 
Pupil lumens 
per watt 
Warm‐white 
fluorescent 
3200  3100  3125  136  78 
Cool‐white 
fluorescent 
3150  4630  4254  100  106 
Narrow‐band 
phosphor 
fluorescent 
(5000K) 
3300  6468  5578  76  139 
Scotopically 
rich narrow‐
band 
3000  7500  6130  69  153 
  
Table 5.1  40W Fluorescent Lamps (Berman, “Energy”, 1992) 
To obtain smaller pupil size and a brighter perception of light, a scotopically rich 
illumination is the preferred spectrum. The high scotopic output also results in a more cost 
effective lamp based on input power. Higher visual clarity results from larger scotopic 
illuminance, most likely resulting from the decreased pupil size and increased depth of field 
(Berman, “Energy”, 1992).  
By implementing the S/P ratio, economic benefits including energy savings could be 
realized while maintaining a high visual effectiveness (Turlej, 2000). The following chart, Figure 
5.1, found on the next page gives S/P ratios for various lamps in industry. 
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Figure 5.1  S/P Ratios of Various Lamps  
Some lighting manufacturers believe that photopic and scotopic lumens can be added 
together, with the result of a higher efficacy and lower energy input to achieve the desired 
lumens; this is not accurate. It is good that manufacturers are trying to adjust to a new way of 
doing things, but they need to go about it the right way. Photopic and scotopic lumens cannot 
just be added together; there needs to be some additional calculations and weighting as 
previously discussed. The spectral power density must be weighted by the photopic or scotopic 
13 
 response of the eye for a more realistic lumen output. Higher lighting efficiencies will still be 
achieved using this method (Josefowicz & Ha, 2008).  
 
  
Table 5.2  40W Fluorescent Comparison (Berman, “Energy”, 1992) 
From the preceding chart it can be identified that the narrow band fluorescent uses 24% 
less energy than the cool-white lamp and 44% less energy than the warm-white fluorescent. At 
first glance a lamp could look much more efficient when comparing lumens per watt, when in 
fact it is actually about the same when looking at pupil lumens per watt. It is important to take all 
aspects into account when selecting a lamp type. For example, when looking at a 125W 
Incandescent lamp versus a 35W High Pressure Sodium (HPS) lamp, one would think that the 
HPS lamp would be the more efficient choice when in fact this is not the case. The HPS does 
have a much higher lumen per watt rating, but the pupil lumens per watt are about the same, 
which is what the human eye actually perceives. The HPS lamp does not create an atmosphere 
conducive to small pupil size. Because of the pupil size, it requires the same power level for both 
lamps to create equivalent visual effectiveness. This is demonstrated by the following table 
(Berman, “Energy”, 1992).  
 
 
 Table 5.3  125W Incandescent v. 35W HPS Comparison (Berman, “Energy”, 1992) 
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 LEDs are available in various color temperatures, which means that their scotopic 
luminance is different and therefore their efficiencies are different as well. This is due to the ratio 
of active cones and rods in the eye (Peng, Yi-feng, Qi-feng, Rooymans, & Chun-yu, 2009). This 
means that each LED will have different S/P ratios correlating to their color temperature, in turn 
giving each LED a different value for pupil lumens per watt. It is therefore important to take into 
considerations the color temperature of lamps. 
No photometry system will exactly mimic the way the human eye perceives light, but 
incorporating scotopic vision into the system will get us much closer. This has the potential to 
reduce light pollution, reduce glare, reduce energy used on lighting, and improve safety. The 
implementation of this new system of photometrics would bring about an immediate 
improvement in outdoor lighting, as this is where the scotopic region is used and activated the 
most. In order for a change to be implemented into industry, it should be easy to apply and not 
require additional photometric equipment (Rea & Bullough, 2007).  
 A New Luminance Meter 
A new way of measuring luminance would have a large impact on the lighting industry. 
This could be accomplished by using luminance meters that determines both photopic and 
scotopic illuminances (Berman, “The Coming”, 2000).  
As discussed in the previous section, there is a way to get this same result from a 
conventional luminance meter: by using the ratio of scotopic to photopic quantities, the S/P 
value. Most S/P values are in the range of 1 to 2.3, while high pressure sodium lamps have an 
S/P value of 0.6 and low pressure sodium lamps have an S/P value of 0.4. Each lamp has a 
specific S/P ratio; this value can be used in addition to the photopic lumens measured by current 
luminance meters in the equation P(S/P)0.78 to give a lumen output closer to what is perceived by 
the human eye. This method creates the possibility for calculation errors, but is an option that can 
be utilized until new luminance meters are commonly used. The following chart shows the S/P 
values of some common lamps used in industry (Berman, “The Coming”, 2000).  
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Figure 5.2  S/P Ratios of Selected Lamps (“Visually Effective”, 2010)  
An alternative to using the S/P value would be to use a luminance meter that utilizes 
scotopic luminance in its measurement; this would be a retinal flux density (RFD) meter. An 
RFD meter is capable of measuring illuminance just as current luminance meters do and can 
measure the flux density on the retina of the eye; this option incorporates photopic and scotopic 
vision into the reading. It is believed by some that a large change in the industry will not occur 
until an inexpensive and useful meter has been developed to measure the flux density at the 
mesopic luminance level, this being the RFD meter (Van Derlofske, Bierman, Rea, Ramanath, & 
Bullough, 2002). 
Luminance meters used most commonly in industry are illuminance-based and cost 
around $500; these meters are accurate to within 5%. RFD meters are approximately $2000 
because of their higher optical sophistication. The cost of the RFD meters is part of the reason 
why the current luminance meters are used to comply with standards of design. If the cost of 
RFD meters drop below $1000 it could allow more people to use them, and therefore have a 
large impact on the lighting industry (Van Derlofske et al., 2002).  
V(λ) is the photopic luminous efficiency function, as stated previously in the paper, and 
represents the spectral sensitivity of L- and M-cones. V(λ’) is the scotopic luminous efficiency 
function, which is a representation of the spectral sensitivity of the rods located in the peripheral 
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 retina area. V(10λ) is a representation of the cones located on the retina out to ten degrees. V(λ) 
does not take into account the spectral sensitivity found on the peripheral retina at low light 
levels, such as those found in outdoor applications (Van Derlofske et al., 2002).  
The housing of the RFD metering device has been created to mimic the spectral 
efficiency of the eye, allowing measurement of flux density similar to the retina. The meter is 
constructed with photosensitive diodes and a beam splitter so that V(λ) photopic and V(λ’) 
scotopic retinal flux density can be measured simultaneously. With this meter, V(10λ) peripheral 
photopic luminance can be measured when utilizing a software program. Mesopic measurements 
can also be obtained, depending on the light levels (Van Derlofske et al., 2002).  
An RFD meter is a very useful meter with a lot of capabilities; unfortunately, this is 
newer technology and costs are prohibitive. The price and unfamiliarity make it uncommon in 
the industry. If use of this meter became widespread, it could have a big impact on the industry 
and lead to changes and new standards which could ultimately lead to improved efficiency and 
increased safety at night (Van Derlofske et al., 2002).  
The RFD meter is composed of several parts to allow it to behave like a human eye. 
These parts include: a cylindrical housing, a cylindrical baffle, a lens system, a decentered 
aperture, an optical diffuser, a beam splitter, a photopic filter, a scotopic filter, and two silicon 
photodiodes. Below is a diagram, Figure 5.3, of these components (Van Derlofske et al., 2002).  
 
 
Figure 5.3  RFD Meter Schematic Diagram (Van Derlofske et al., 2002) 
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 To simulate the facial cut-off created by a person’s face, a cylindrical baffle is used. The aperture 
of the meter is 5mm in diameter; this is a compromise between a large pupil (8 mm in diameter) 
that allows for more flux and a small pupil (2 mm in diameter). An optical diffuser evenly fills 
the silicone photodiodes from all angles. The beam splitter is 70% reflective and 30% 
transmissive; this means that 70% of the incoming beam of light is reflected upward to the 
scotopic detector, while 30% of the light beam is transmitted to the photopic detector. Each 
detector is connected to a silicone-based photodiode detector independent of the other. The 
higher value of the illuminance directed toward the scotopic detector is based on the higher 
absorbance of the scotopic filter; therefore, less illumination makes it through creating the low 
light levels that are typical with scotopic measurements (Van Derlofske et al., 2002).  
 The way the detector is structured allows for almost simultaneous photopic and scotopic 
measurements. Processing these readings from the meter after they are taken can allow for 
additional information to be gained. Through post-processing of the photopic and scotopic values 
obtained from the RFD meter, a weighted illuminance can be calculated that mimics V(10λ), the 
spectral response of the peripheral retina. If the absolute light level is at an appropriate level, the 
mesopic illuminance can be calculated from post-processing of the meter’s readings as well; this 
is done by adding parts of V(10λ), the photopic result, and V(λ’), the scotopic result (Van 
Derlofske et al., 2002).  
The RFD meter can be used like a standard illuminance meter (common in industry 
today) by removing the facial baffle. The facial baffle is what creates the spacial difference 
between an RFD meter and the standard illuminance meter due to facial shielding. When the 
baffle is removed, errors can occur when large amounts of illumination at large angles contribute 
to the reading. To increase accuracy, caution should be exercised to reduce these large angles of 
illuminance (Van Derlofske et al., 2002).  
Also to increase accuracy, the operator should be aware that the lower limit of an RFD 
meter is 1 lux (lx) for all readings. This should not be much of a hindrance, as 1lx is a very small 
amount of illumination, 1/10.746 footcandle. The lower limit is set at 1lx due to the noise and 
interference within the detector becoming a dominant factor in the reading. If readings below 1lx 
are necessary, special considerations need to be taken. Below 1lx, the meter is more sensitive to 
ambient settings such as movement and position. To help counteract this sensitivity, a tripod 
should be used and a stabilization period of 3 to 5 minutes should be maintained before readings 
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 are taken. It is also suggested to take 3 to 5 readings to obtain an average. In the future, it is 
predicted that RFD meters could be manufactured with a limit even lower than 1lx (Van 
Derlofske et al., 2002).   
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Chapter 6 - Review of Case Studies 
Several studies and retrofits have been conducted based on the concept of scotopic vision. 
This chapter will discuss some of these. 
 Warehouse Relamping 
One example of the improved efficiency that can be obtained by taking photopic and 
scotopic vision into consideration is the relamping of a warehouse. In this example, the 
warehouse originally contained standard high pressure sodium 400 watt lamps with illuminance 
falling in a lower temperature in the yellow/orange range. The lamp/ballast combination 
consumed 460 watts per fixture and produced 32,000 photopic lumens, while the scotopic 
measurement (or what the eye perceives the light as) was found to be 19,840 lumens. These HPS 
lamps were replaced with Avetria APH160 LEDs, consuming 160 watts of electricity and 
producing 12,000 photopic lumens and 23,000 scotopic lumens. The illumination produced by 
these LEDs is a wider spectrum white light, falling close to daylight. When comparing the HPS 
and LED lamps, it was found that the lamps produce the same photopic lumens/watt; but looking 
at the scotopic measurements, or human perception, it shows the LEDs consume 61% less energy 
while producing 18% more perceived luminance than the HPS (“Scotopic”, 2010).  
 Figure 6.1  Warehouse Before and After Relamping (“Scotopic”, 2010) 
Taking scotopic vision into consideration has benefitted the warehouse both in perceived 
illumination by employees and economically by saving the company money. 
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  Intel Corporation Retrofit 
A retrofit of a portion of the Intel Corporation facility located in Hillsboro, Oregon, was 
completed in 1995. They based the retrofit on anticipated scotopic and photopic lumens and 
ended up pleased with the resulting outcome. The original fixtures contained four 34-watt T12 
lamps with energy-saving electromagnetic ballasts; the T12 lamps had a color temperature of 
3500K and a CRI of 70. These fixtures were replaced with new fixtures containing two 32-watt 
T8 lamps with high lumen output electronic ballasts; the new T8 lamps have a color temperature 
of 5000K and a CRI of 80.  
The original lamps provided an average of 65 footcandles (fc) at the workplane, and the 
new fixtures provide an average of 55fc at the workplane. All measurements were obtained with 
a typical luminance meter currently used in the lighting industry. Even though the footcandle 
reading of the new fixtures is lower than the original, workers were saying that the new light 
levels were too high. To help fix this problem, the high lumen output electronic ballasts were 
replaced by standard electronic ballasts. This reduced the luminance down to 45fc. Workers said 
this was better, but still too high.  
The retrofit resulted in an energy reduction of 57%. The outcome of the partial retrofit 
was so well received that it was then applied to all nine buildings on the campus, resulting in an 
energy savings just over eight million kilowatt hours (Berman, “The Coming”, 2000). This is a 
product of the role of scotopic vision in the way light is perceived as a direct effect from the 
higher color temperature creating more rod activation in the human eye. 
 Raleigh, NC, Parking Garage 
A parking garage in Raleigh, North Carolina, replaced their high pressure sodium fixtures 
emitting a dull orange illumination with a bright white LED fixture. The following page shows a 
before and after photograph of the garage in Figure 6.2 (“Survey Shows”, n.d.).  
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Figure 6.2  Parking Garage Before and After (“Survey Shows”, n.d.) 
Four hundred residents of Raleigh, NC, were surveyed about the parking garage both 
before the fixtures were changed out and after. The results of the survey showed that 76% more 
people responded the parking garage felt “very safe” with the LEDs, compared to before with the 
HPS; 74% of participants rated the parking garage as “very safe” and only 2% did not feel safe 
with the LED fixtures, while only 42% felt “very safe” with the original HPS fixtures and 13% 
did not feel safe. The overall frequency of ratings of “excellent” increased 100% after the LEDs 
were installed, with the overall rating of “poor” decreasing from 8% to 1% after installation. A 
light-quality rating of “excellent” was reported by 86% of respondents in reference to the post-
change out, and the rating of “poor light quality” decreased from 18% to 2%. The rating of 
cleanliness increased from 58% to 76% as a result of changing the fixtures, this is a 31% 
increase. This particular survey demonstrates that in addition to the improved perception of light 
and energy efficiency of bright white LEDs, there is also an improvement in the public’s feeling 
of safety (“Survey Shows”, n.d.).  
 IES Study 
At the 1992 Illuminating Engineering Society meeting in San Diego, CA, over 100 
members were asked to choose which of two rooms appeared brighter. The rooms were the 
same, the only difference being the light source; one room had a more scotopically enhanced 
light source than the other. This study resulted in all but two participants choosing the room with 
the scotopically enhanced light as appearing brighter, even though it was measured by a 
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 conventional luminance meter as being 30% lower in illuminance (Berman, “The Coming”, 
2000).  
 Lamp Type Comparisons 
Various types of lamps and individual lamps of each type vary in illumination. The 
following sections will be comparing some of the more common lamps used in industry today.  
The analyses being completed on these lamps include direct comparisons of photopic and 
scotopic lumens; photopic, scotopic, and mesopic luminous efficacies; S/P ratios; lumens per 
watt; pupil lumens per watt; and efficiencies. 
 Narrowband Fluorescent v. Cool-White & Warm White Fluorescent 
One comparison completed by S. M. Berman looks at a narrowband 5000K 40W 
fluorescent lamp, a cool white 40W fluorescent lamp, and a warm-white 40W fluorescent. 
Results show that the 5000K fluorescent uses 24% less energy than the cool-white lamp and 44% 
less energy than the warm-white lamp based on the pupil lumens per watt, also known as the 
visual effectiveness per watt and the relative power. This can be seen from the following table, 
Table 6.1. It can also be deduced from the table that as the ratio of scotopic lumens to photopic 
lumens increases, so does lamp efficiency (Berman, “Energy”, 1992). 
 
Table 6.1  Fluorescent Comparison (Berman, “Energy”, 1992) 
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  Incandescent v. High Pressure Sodium 
Another comparison was completed by S. M. Berman comparing a 125W Incandescent 
lamp to a 35W High Pressure Sodium lamp. Both lamps provide the same photopic lumens of 
2250 lumens. If looking at the photopic lumens and input wattage, the HPS appears to easily be 
the more efficient choice. But when looking at pupil lumens per watt for each lamp, with a small 
pupil being the goal, the results show a very small advantage in efficiency for the HPS; this 
difference is so small as to be pretty much negligible.  
When looking at Table 6.2 that follows, it can be seen that the pupil lumens per watt are 
about the same for the two lamps. Taking this into consideration, the two lamps operate at 
relatively the same power level to create about the same visual effectiveness. These findings 
enforce the concept that to find the true efficiency, more than just the photopic lumens must be 
considered (Berman, “Energy”, 1992). 
 
Table 6.2  Comparison of Incandescent and High Pressure Sodium Lamps (Berman, “The 
Coming”, 2000) 
 High Pressure Sodium v. Cool White Fluorescent 
The accuracy of reading among participants in illumination provided by high pressure 
sodium (HPS) lamps is compared to the accuracy of reading in illumination provided by cool 
white (CW) fluorescent lamps, with both lamps having a 50 footcandle (fc) reading measured 
using a conventional luminance meter; it was found that the HPS has a lower S/P ratio than the 
CW fluorescent. This comparison was originally conducted by H. A. Piper and was recently 
investigated by S. M. Berman. The lower S/P ratio of the HPS results in a larger pupil size which 
in turn results in a smaller depth of field and poorer performance. In addition, the HPS has a blue 
deficiency in its light output; therefore, more of its spectral energy is out of focus compared to 
the CW fluorescent (Berman, “Energy”, 1992). 
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  Fluorescent Color Temperature 
Two 32-watt T8 fluorescent lamps with CRIs of 85 and differing color temperatures were 
compared; this comparison was carried out by Sam Berman. Lamp A has a color temperature of 
3500K and 2950 initial photopic lumens; lamp B has a color temperature of 5000K and 2800 
initial photopic lumens. Lamp choice is generally based on luminous efficacy. Using this basis, 
lamp A would be the best choice, but to incorporate scotopic and photopic vision, the lamp 
choice should be based on visually effective lumens. To calculate visually effective lumens, the 
photopic lumens need to be multiplied by (S/P)0.78. Applying this, lamp A has 3835 visually 
effective lumens, while lamp B has 4619 visually effective lumens. This would actually make 
lamp B the better choice, as it has 20% more visually effective lumens per watt than lamp A 
(Berman, “The Coming”, 2000). 
  
Color 
Temperature
Initial 
Photopic 
lumens 
Visually 
Effective 
lumens 
Lamp A  3500K  2950  3835 
Lamp B  5000K  2800  4619 
 
Table 6.3  32W T8 Fluorescent Lamp Comparison 
 LEDs 
Different efficacies among LEDs should be considered when selecting the desired lamp 
for the given application. Three different LEDs, with differing color temperatures, were 
compared by Peng, Yi-feng, Qi-feng, Rooymans, and Chun-yu. All three lamps are in the Cree 
XLamp XR-E series. Lamp A is the cool white lamp with a color temperature of 8000K, lamp B 
is the natural white lamp with a color temperature of 4500K, and lamp C is the warm white lamp 
with a color temperature of 3500K. The chart on the following page summarizes the findings of 
this study (Peng et al., 2009). 
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 LED type 
Photopic luminous 
efficacy (lm/w) 
Scotopic luminous 
efficacy (lm/w) 
Mesopic luminous 
efficacy (lm/w)  S/P 
A (cool white)  93.3  200.5  156.0  2.01 
B (natural white)  92.2  142.9  122.7  1.52 
C (warm White  84.2  112.2  101.5  1.39 
 
Table 6.4  LED Comparison (Peng et al., 2009) 
When comparing the mesopic luminous efficacy of one LED to the photopic luminance efficacy 
of that same LED, the result is an increase in efficacy of 67.2% for lamp A, 33.1% for lamp B, 
and 20.5% for lamp C. This demonstrates the difference and potential benefits achievable by 
distinguishing between how luminance is currently measured and how luminance is perceived by 
the human eye. From the table above, Table 6.4, it can also be seen that the luminous efficacy 
varies between LEDs. For example, LED A is 53% more efficient than LED C. These findings 
back-up the fact that the eye perceives light in the bluish coloring as brighter than light in the 
yellowish region (Peng et al., 2009). 
 Suggestions 
Retrofitting lamps and in some cases fixtures, can be very beneficial, as has been the case 
with the previous surveys and studies discussed. Patrons see many improvements in the lighting 
of the space and are very happy with the changes. In addition, it is a great benefit to the owners 
by increasing energy efficiency with short pay-back periods. The benefits seen with retrofitting 
are also realized by new designs as well, with the patron’s satisfaction and energy efficiency both 
being high. 
When choosing a light source, it is important to take into consideration all aspects of a 
light source, as has been demonstrated through these studies. A designer cannot look at only one 
or two aspects or characteristics of a lamp; to truly select the best lamp to fit the application and 
use of the space, the various attributes of the lamps must be investigated to achieve the best 
option possible and to see the whole picture. Photopic and scotopic lumens; photopic, scotopic, 
and mesopic luminous efficacies; S/P ratios; lumens per watt; pupil lumens per watt; and 
efficiencies must all be compared to choose the best lamp for the application of the fixture. 
Occupancy, aesthetics, controllability, maintenance, and lamp life should also be considered. 
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Chapter 7 - Manhattan, KS Case Study 
The city of Manhattan, Kansas, is changing out their downtown lighting on Poyntz 
Avenue. The street is currently illuminated by high pressure sodium lamps (HPS) and will be 
replaced with LED fixtures. At the time the survey was conducted, one pole had been retrofitted 
with the LED fixture as a tester. A survey was composed to compare the new fixture to the 
existing fixture.  
There were two sections of the survey with duplicating questions to ensure valid 
responses. The first section asked if those surveyed preferred the new LED fixture or the existing 
high pressure sodium fixture. If the participant responded by saying the light sources were equal, 
their responses were thrown out when totaling that question’s results. The second section 
consisted of rating each lamp type on a scale from one to five in various categories, with five 
being the most favorable. A final section was for comments.  
The survey was conducted on five evenings after dark for a time period of about two 
hours each evening. The dates of the surveys were May 2, 4, & 5, 2010, from 9:00pm to 
10:40pm and September 14 & 15, 2010, from 8:15pm to 10:00pm. Surveys were answered 
anonymously after being handed out to individuals and then returned for data analysis after 
completion. 89 individuals participated in the survey, with a large majority being college-aged 
students; the results showed a definitive preference towards the LED fixture.  
A copy of the survey is found in Appendix A, with the results being found in Appendix B 
and C. Survey results were tabulated for males, females, and combined. Results were separated 
to see if preference differed between genders, however, this was not the case as results among 
the groups were very similar throughout the survey. Graphical representations of these results 
can be found in the body of this chapter. Figure 7.2, found on page 30, depicts graphically the 
results of the survey in percentage form. Figure 7.3, on page 32, is the graphical representation of 
rating averages. These graphs aim to help show the differences among the survey results. 
 Background 
Before the results of the survey are discussed, a background of the retrofit will be given. 
The existing light fixtures are an acorn-style fixture in the Sternberg Old Town Series. There are 
27 
 poles along both sides of Poyntz Avenue and on each of these poles are two 150W high pressure 
sodium lamps mounted on arms. The replacement fixture uses the existing poles with a new lamp 
and housing that matches the existing one. The mounting height for both fixtures is 11 feet. Each 
pole will be retrofitted with two 51W LED banks housed in acorn-style housing with a full cutoff 
roof to prevent uplight. The purpose of the full cutoff roof is to prevent light pollution up into the 
sky. Illumination is not needed above the fixture as this is not were the patrons will be. Having 
the full cutoff roof also allows for the area to be more natural, allowing for viewing of the night 
sky and stars. The full cutoff roof however, does not illuminate the upper facades of buildings 
very well. The following photographs show these two fixtures; their cut-sheets can be found in 
Appendix G & H. 
 
Replacement LED     Existing HPS 
Figure 7.1  Light Fixtures on Poyntz Avenue; Manhattan, KS 
 Overall Results 
The results among the groups (male, female, and overall) were very similar, and were as 
follows for the overall preference between the LED and the high pressure sodium (HPS) lamps: 
83% of males, 88% of females, and 85% overall preferred the LED over the HPS. The 
participants were asked again about their overall preference by rating the lamps. The results 
again showed a preference for the LED, with 98% of males, 94% of females, and 97% overall 
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 giving the lamp a rating of four or five. The rating of the HPS was fairly even: 34% gave it a one 
or two, 42% gave the HPS a three, and 24% gave the HPS a four or five. The LED lamp had 
higher percentages and ratings than the high pressure sodium in all questions asked; one 
participant had the response of “love the LEDs, glad for the change”, and one stated that they felt 
the change would “brighten up” the downtown area.  
 Results on Illumination 
When asked which luminance source is brighter/puts out more light, 87% of males, 94% 
of females, and 90% overall felt the LED fixture was brighter and put out more light. This was 
reinforced later on in the survey when the participants were asked to give the luminaire sources a 
rating of one to five, with five being the best on illumination, the amount of light distributed by 
the sources. 89% of males gave the LED a rating of a four or five, while 97% of women and 92% 
of the overall participants rated the LED a four or five as well for illumination. The ratings of the 
high pressure sodium were more evenly distributed for illumination. The majority of the 
participants gave the HPS a rating of three; the percentages were 47% of males, 59% of females, 
and 52% overall. The HPS’s ratings for 1 & 2 and 4 & 5 were both around 20% for all three 
participant categories. One participant commented that LEDs provided a brighter, cleaner light.  
Another question on the survey dealing with illumination asked about the uniformity and 
evenness of the light distribution. The LED received ratings of 4 & 5 by a very high margin, 
being in the upper ninety percent for all groups of participants. The results for the HPS were not 
as definitive, with 4s & 5s given by around 40% of participants and also 3s receiving around 
40%.  
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Figure 7.2  Percentage Results of Participant Preference, Poyntz Avenue 
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  Distinguishability and Color Rendering 
In the downtown Poyntz Avenue application of these fixtures and in most applications, 
there are aspects of lighting that should take a high priority in the selection process, in addition to 
illumination as previously discussed. These aspects are: being able to see and distinguish objects, 
ease of reading, and color rendering. When rating the ability to see and distinguish objects in the 
two lamp types, the LED had a higher rating. The average rating for the LED was 4.72, while the 
average rating of the HPS was 3.08. The ease of reading was higher for the LED than the HPS by 
1.5 points, with the average rating for the LED being 4.72 and the average rating of the HPS 
being 3.21. Color rendering was much higher for the LED than for the HPS: the LED received a 
rating of 4.56, while the HPS received an average rating of 2.36.  
There were several comments about the color rendering of the lamp types and the ability 
to distinguish objects. One participant had this to say, “I like to be able to distinguish objects and 
their color. The LED is much better for giving true color. Both provide enough light, but the HPS 
doesn’t allow for me to distinguish objects very well.” 
 Safety and Feeling of Comfort 
Feeling safe and comfortable in your surroundings is important to most people, especially 
at night. Safeness and comfortability, being at ease and not feeling tension or stress, were 
investigated in this survey to see if any correlations exist between how safe and comfortable a 
person feels and the type of illumination they are in. 
The feeling of safety in the two lamps types was investigated. The LED again was shown 
an overwhelming preference. 92% of males, 100% of females, and 95% overall felt safer in the 
LED than in the HPS. This was again reinforced later in the survey with rating of the two lamp 
types. The LED received a four or five by all but a few of the participants. The rating for the 
HPS was more spread out. 1s and 2s were given by about 20% of participants, while about 30% 
of participants gave the HPS a 3 rating, and around 40% rated it at four or five.  
A feeling of comfort within the illumination was examined in this survey as well. In the 
comfort segment of the survey, the LED again received a large number of high ratings. 98% of 
males, 85% of females, and 93% overall gave a four or five to the LED. The HPS received a four 
or five by around 50% of participants, with around 25% giving it a 3, and about 20% giving a 
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 rating of one or two. 78% of participants said they felt more comfortable in the LED than in the 
HPS.  
 
Figure 7.3  Average Results of Ratings, Poyntz Avenue 
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  Facades and Signage 
Poyntz Avenue contains retail spaces and restaurants. With this being the case, the 
illumination of building facades should be considered, as well as color rendering and signage.  
Many of the building facades are made of limestone; this is unique and a trademark of 
Manhattan, Kansas, and should therefore be enhanced by the lighting, if possible. 74% of males, 
84% of females, and 78% overall felt that the LED provided better illumination on the facades of 
the buildings. This was verified with a rating of the lamps. 85% gave the LED a four or five 
while the HPS was evenly distributed with 31% giving a four or five, 37% giving it a three, and 
31% rating it at a one or two.  
Facades can also be affected by color rendering, as can signs. A very large majority of the 
participants stated that LEDs provide better color rendering on the facades of the buildings as 
well as better color rendering for signage; 92% of males said this, while 97% of females felt this 
way, and overall there was a 94% preference towards the LED.  
When asked about the true color of the signage on the buildings and objects, the 
preference for the LED fixture was again very great. 94% rated the LED a four or five for having 
great color for objects and building signage, while more people rated the HPS at a one or two: 
59% rated it at this level and 27% gave the HPS a three and the remaining 14% rated it at a four 
or five.  
Even though the preference was for the LED, there were a few comments given about the 
HPSs. One participant commented, “I like the HPS yellowness on the limestone facades of the 
buildings. The LEDs are a little too harsh.” On the following page, Figure 7.4, is a picture that 
depicts the differing color temperatures of the HPS, on the left, and the LED, on the right. 
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Figure 7.4  Poyntz Avenue 
 Sidewalk Illumination Results 
Because of the number of businesses on Poyntz Ave., there is a fair amount of pedestrian 
traffic. This means that the illumination of the sidewalk is an important aspect to consider. 98% 
of participants felt that the LED did a better job of illuminating the sidewalk than the HPS did; 
this means that 2% felt the HPS illuminated the sidewalk better. These results were again 
verified by having participants rate the light fixtures on their ability to illuminate the sidewalk. 
94% gave the LED a five or four, 6% gave the LED a three, and no one gave it a one or two. As 
has been the trend, the rating for the HPS was more spread out: 30% gave the HPS a four or five, 
46% gave it a three, and 24% gave the HPS a one or two.  
 Participant Comments 
There were a few comments that related different aspects of the lamp types and tied them 
together. Color rendering affected comfort for one participant while it influenced the feeling of 
safety for another. The comments were as follows: “Feeling of comfort is tied directly to colors 
shown in light. LED shows more color, therefore there are more things to observe; which 
increases comfort level”; “LED provides a much more comfortable and well lit space, as well as 
a more true to color lighting”; and “LED provides light that gives better color and makes for a 
safer feeling.” 
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 Other comments included: “I like the change to LED; to me it is much cleaner and a 
softer feeling”; “Definitely prefer the LED because of its color rendering and feeling of visual 
brightness in comparison to the HPS. It feels ’sharper.’ It does change the limestone to more of a 
white than tan, but I prefer this”; “The LED provides a cleaner and crisper light, and is more 
visually appealing. The LED seemed more consistent in color, whereas the HPS seemed to have 
varying color output among the various fixtures”; “I am very much an aesthetics type of person, 
so I really enjoy the HPS; but at the same time, it’s hard to see in it. I don’t like the ‘feel’ of the 
LED; it makes the streets too sterile looking. But, being a girl I like the ‘brighter’ light”; and 
“It’s a lot easier to distinguish objects in the dark (even from far away) with the LED lighting. I 
would feel safer with the LED lights on Poyntz and would be more apt to spend time downtown 
during night. Also, the LED lights help bring out the texture of the limestone facades to make the 
buildings more aesthetically pleasing.”  
  Survey Conclusions 
The survey was a success and resulted in concrete evidence for a definitive preference 
towards the LED lamp source. Not only does the public seem to like the LED better, but LED 
also has added benefits for the city of Manhattan. In addition to the possibility of increased 
activity for the businesses on Poyntz resulting from the retrofitting of the lamps, the city will see 
direct economical benefits from reduced energy consumption and reduced maintenance costs. 
Footcandle readings were taken for the new and existing light fixtures. These readings 
were obtained when it was dark and in a circular pattern at increasing radii. A circular grid was 
created around each fixture, with eight measurements taken every 45 degrees, unless buildings 
interfered. The first circle had a 2-foot radius; four more concentric circles were created on the 
grid with 5’, 10’, 20’, and 30’ radii. It was found that the average footcandle reading for the 
existing HPS was 2.02 with the levels peaking about ten feet from the base, as to form a donut-
type illumination pattern. The average footcandle reading for the LED was 2.23 with the peak 
readings at the base and decreasing outward. These values were found using a typical luminance 
meter found in industry today. The following tables, Table 7.1 and Table 7.2, show the obtained 
readings. The location of these readings can be observed in Appendix D and the values at each 
location can be observed in Appendix E & F. 
 
35 
 Existing HPS Fixture 
  2' Radius 5' Radius 10' Radius 20' Radius 30' Radius 
  1.92 2.38 2.56 1.50 0.99 
  1.88 2.68 2.76 1.64 1.01 
  1.69 2.06 2.35 1.42 0.89 
  1.70 3.00 3.22 1.71 1.02 
  1.75 2.99 3.68 2.00 0.81 
  1.96 2.49 4.29    
  2.10 1.84 2.97    
  2.11 2.17 3.62    
Average 1.89 2.45 3.18 1.65 0.94 
Total average fc for all circles 2.02 
 
Table 7.1  HPS Illuminance Measurements (fc) 
Proposed LED Fixture 
  2' Radius 5' Radius 10' Radius 20' Radius 30' Radius 
  3.34 2.99 2.82 1.62 1.07 
  3.04 3.40 2.38 1.45 0.98 
  2.94 3.05 1.93 1.08 0.75 
  3.23 2.97 2.33 1.42 1.01 
  3.49 3.08 2.39 1.53  
  3.65 2.89 2.65 1.90  
  3.19 2.31 2.71   
   2.48 2.95   
Average 3.27 2.90 2.52 1.50 0.95 
Total average fc for all circles 2.23 
 
Table 7.2  LED Illuminance Measurements (fc) 
Taking into consideration the scotopic aspect of the output of the lamps, the HPS appears 
to the eye to have a total average of 1.39 footcandles, using the equation P(S/P)0.78  and an S/P 
ratio of 0.62, while the LED has a total average of 3.83fc using the same equation and an S/P 
ratio of 2.0. This higher rating is reinforced by many comments stating that the LED appears 
brighter.  
36 
 A big advantage of replacing the HPS fixtures for the city is a reduction in the cost of 
illuminating Poyntz Avenue. One pole with the old fixtures consumes a little over 300W, 
whereas the new LED fixtures consume 102W per pole. This equates to a savings of about 66% 
on the electricity it takes to power these light fixtures, as can be seen from the following table, 
Table 7.3. This does not include the savings on maintenance resulting from the fact that lamp 
replacement is needed much less often for LEDs than for HPS lamps, as the lamp life of an LED 
is 25,000 to 50,000 hours and the lamp life of an HPS is 12,000 to 24,000 hours. Looking at an 
average of lamp life hours for both lamp types, the LED will need to be relamped 19,500 hours 
after the HPS is relamped. 
ENERGY CONSUMPTION PER POLE 
WATTS HRS/YR ON Kwh $/kwh YEARLY COST 
LED 102 4380 446.76 $0.07 $31.27 
EXISTING 300 4380 1314.0 $0.07 $91.98 
      
  SAVINGS PER FIXTURE FROM LED   
$60.71 = 66%    
 
Table 7.3  Energy Consumption 
Switching to LEDs appears to be an overall positive move for the city of Manhattan, 
Kansas, both in regards to patron satisfaction and from an economic standpoint. The individuals 
surveyed favored the LED over the HPS in all categories and chose the LED as the overall 
preferred lamp type. The public felt the LED provides: better illumination in general, on the 
sidewalk, and on the building facades; better color rendering; an increased feeling of safety; an 
improved and more even distribution of light; an enhanced ability to see and distinguish objects; 
and a setting more conducive to reading. The improvements gained from the change-out of 
lamps on Poyntz Avenue in downtown Manhattan, KS, could translate into an increase in 
customer traffic for businesses and will save the city around $4,150.00 per year on operating cost 
alone. More money will also be saved resulting from the decreased amount of lamp maintenance 
required. The money saved by Manhattan, KS, can be put into additional improvements to the 
city. It appears this city project will be a very worthwhile investment. 
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  Further Investigations 
The survey did not analyze differences among ages; this would be an interesting aspect to 
investigate, as the eye changes as people age. If the survey were to be duplicated, a question 
asking the participant’s age would be included in the questionnaire to see if correlations could be 
drawn from the data.  
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Chapter 8 - Relationships Among Case Studies 
The results found during the survey conducted on Poyntz Avenue in Manhattan, KS, 
backed up the results found in other published surveys dealing with LEDs and photopic and 
scotopic vision. When looking at the different surveys and studies conducted, it is a trend that the 
outcome of scotopic vision and LEDs carry with them many advantages as well as a higher 
preference among patrons. 
Safety has been an aspect of LEDs and scotopic vision that has been investigated through 
several different studies. The results of the Manhattan, Kansas, Poyntz Avenue survey and the 
Raleigh, North Carolina, parking garage survey both reinforced the idea that people felt safer in 
the illumination of scotopically enhanced lamps.  
Many studies have come to the conclusion that scotopically enhanced lamps appear to be 
brighter and to provide more illumination than lamps with less scotopic enhancement. The 
survey conducted on Poyntz Avenue in Manhattan, Kansas; the warehouse retrofit; the Intel 
Corporation retrofit; the Raleigh, North Carolina, parking garage; and the 1992 IES study all 
reinforced this concept. 
Along with the perception of increased illumination, comes a decrease in energy 
consumption. All the previously discussed studies resulted in economic benefits. As a result of 
using scotopically enhanced illuminance sources, more perceived lumens per watt are produced. 
This means there is less electrical input required for the same, and even more, luminaire output 
when scotopic vision is incorporated. This is a huge benefit for companies, municipalities, and 
owners. 
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Chapter 9 - Suggested Industry Improvements 
It would be a huge benefit, to the lighting industry and clients, to create more cohesion 
between photometry and color, and to create a more accurate way to measure luminance by 
including scotopic performance into calculations; this would give a measured luminance level 
closer to the way the eye perceives the light (“Scotopic”, 2010). Also, the difference between 
V(λ) and VM(λ) is more noticeable for LED lights. These light sources are becoming more 
prevalent in industry, so the drive to change the system should increase (Schanda et al., 2002). 
There are many benefits that can be realized from the incorporation of scotopic vision; 
the time and effort that would be required to make this change would be worth it, based on the 
advantages discussed previously in this paper. Individuals seem to prefer scotopically enhanced 
lamp types, plus there is a direct economic benefit associated with the incorporation of scotopic 
vision into the design. 
One way to improve the industry would be to use light meters that incorporate the 
scotopic vision into the meter output reading. This would be an easy way to enhance the design 
of the lighting system, but this would require a costly investment for individuals. Until the cost 
of these meters comes down, a solution that would have definite improvements on the lighting 
industry would be to use the S/P ratio of lamps. This will allow readings from current light 
meters to be converted to include the scotopic enhancements of the lamps. Doing this will add 
one simple calculation to the process, a very small amount of additional work to introduce many 
positives into the design. So until new meters come down to a reasonable price, the best option is 
to use the S/P ratio in calculations. 
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Chapter 10 - Conclusion 
In nearly every industry, technology advances, and with these advances comes necessary 
changes in the way design is completed. To take full advantage of the new lighting technology, 
more aspects of lighting must be explored. It’s time to incorporate scotopic vision into the 
concepts of lighting design that have been used during the past several decades. This can allow 
for so many more opportunities in the lighting world, to really improve the industry and make 
clients and the public much more satisfied. 
Rods and cones play an important role in human vision and light perception, and have a 
direct effect on photopic, scotopic, and mesopic vision. The industry does not currently measure 
luminance and design lighting to match how the human eye perceives light. It is important that 
the output of lighting more closely align to how illumination is received and processed by the 
eye. 
A few of the benefits that can be realized from the incorporation of scotopic vision into 
the lighting industry are: economic savings; overall preference by patrons (as has been supported 
by several studies); and increased visual performance, clarity, brightness, and feeling of safety. 
This can all be achieved by choosing scotopically enhanced lamps and incorporating S/P ratios 
into calculations or using an RFD meter. 
Incorporating S/P ratios and utilizing RFD meters are small changes that could really 
change the lighting industry for the better, by greatly increasing user satisfaction, reducing cost 
of operation, and saving energy. 
This paper has discussed the human eye, scotopic vision, and how the eye perceives light. 
Case studies were also compared to fully inform readers of real-life applications of scotopic 
vision incorporation. As can be seen from the preceding text, there are many advantages 
associated with the assimilation of scotopic vision, with no sizeable disadvantages: it is time for 
the lighting industry to change and advance as industry technology does. 
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Appendix A - Poyntz Avenue Survey; Manhattan, KS 
Are you: Male or Female 
 
Which light source is brighter/puts out more light? 
 
Which light source do you feel safer in? 
 
Which light source do you feel more comfortable and at ease in? 
 
Which light source do you prefer? 
 
Which light source provides better light on the sidewalk? 
 
Which light source provides better light on the building facades? 
 
Which light source creates more accurate coloring of the building facades and signage? 
 
 
Please rate each light source on a scale from 1 to 5 (with 5 being the best) in the following 
categories. 
 
Illumination, the amount of light distributed by the light source: 
 LED  1 2 3 4 5 
 
 HID 1 2 3 4 5 
 
Uniformity/evenness of light distribution: 
 LED  1 2 3 4 5 
 
 HID 1 2 3 4 5 
 
Ease of reading: 
 LED  1 2 3 4 5 
 
 HID 1 2 3 4 5 
 
Ease of seeing and distinguishing objects: 
 LED  1 2 3 4 5 
 
 HID 1 2 3 4 5 
 
Color, how the light source affects the true color of objects and building signage: 
 LED  1 2 3 4 5 
 
 HID 1 2 3 4 5 
 
 
Lighting of the sidewalk:  
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 LED  1 2 3 4 5 
 
 HID 1 2 3 4 5 
 
 
Lighting of the building facade:  
LED  1 2 3 4 5 
 
 HID 1 2 3 4 5 
 
 
Feeling of safeness: 
 LED  1 2 3 4 5 
 
 HID 1 2 3 4 5 
 
Feeling of comfortability/at ease (more comfortable=5): 
 LED  1 2 3 4 5 
 
 HID 1 2 3 4 5 
 
Overall Rating/preference: 
 LED  1 2 3 4 5 
 
 HID 1 2 3 4 5 
 
Can you read this sentence better in the LED or HID lighting? 
 
 
Comments: 
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Appendix B - Survey Results - Quantities 
Are you: Male(55) or Female(34) Total(89) 
*If the response was “same” or “both” for any of the following questions, it was not counted in 
the results. 
Which light source is brighter/puts out more light? 
LED (48)(32)(80) HPS (7)(2)(9) 
Which light source do you feel safer in? 
LED (48)(31)(79) HPS (4)(0)(4) 
Which light source do you feel more comfortable and at ease in? 
LED (40)(23)(63) HPS (11)(7)(18) 
Which light source do you prefer? 
LED (45)(29)(74) HPS (9)(4)(13) 
Which light source provides better light on the sidewalk? 
LED (53)(32)(85) HPS (1)(1)(2) 
Which light source provides better light on the building facades? 
LED (36)(27)(63) HPS (13)(5)(18) 
Which light source creates more accurate coloring of the building facades and signage? 
LED (48)(32)(80) HPS (4)(1)(5) 
One male overall preferred HID 
Please rate each light source on a scale from 1 to 5 (with 5 being the best) in the following 
categories. 
average 
Illumination, the amount of light distributed by the light source: (53)(34)(87) 
4.39 LED  1 (1)(0)(1) 2 (1)(0)(1) 3 (4)(1)(5) 4 (25)(11)(36) 5 (22)(22)(44) 
 
3.09 HID 1 (0)(1)(1) 2 (13)(5)(18) 3 (25)(20)(45) 4 (11)(7)(18) 5 (4)(1)(5) 
 
Uniformity/evenness of light distribution: (54)(33)(87) 
4.52 LED  1 (0)(0)(0) 2 (1)(1)(2) 3 (2)(1)(3) 4 (20)(10)(30) 5 (31)(21)(52) 
 
3.40 HID 1 (0)(2)(2) 2 (11)(5)(16) 3 (17)(16)(33) 4 (20)(7)(27) 5 (6)(4)(10) 
 
Ease of reading: (53)(34)(87) 
4.72 LED  1 (0)(0)(0) 2 (0)(1)(1) 3 (3)(0)(3) 4 (10)(5)(15) 5 (40)(28)(68) 
 
3.21 HID 1 (1)(1)(2) 2 (7)(8)(15) 3 (24)(12)(36) 4 (18)(13)(31) 5 (3)(0)(3) 
 
Ease of seeing and distinguishing objects: (55)(34)(89) 
4.73 LED  1 (0)(0)(0) 2 (0)(1)(1) 3 (1)(0)(1) 4 (15)(4)(19) 5 (39)(29)(68) 
 
3.08 HID 1 (2)(0)(2) 2 (11)(10)(21) 3 (25)(16)(41) 4 (11)(7)(18) 5 (6)(1)(7) 
 
Color:how the light source affects the true color of objects and building signage: (54)(34)(88) 
4.56 LED  1 (1)(0)(1) 2 (0)(0)(0) 3 (4)(0)(4) 4 (14)(13)(27) 5 (35)(21)(56) 
 
2.36 HID 1 (12)(8)(20) 2 (19)(13)(32) 3 (13)(11)(24) 4 (6)(2)(8) 5 (4)(0)(4) 
 
Lighting of the sidewalk: (55)(34)(89) 
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 4.58 LED  1 (0)(0)(0) 2 (0)(0)(0) 3 (2)(3)(5) 4 (18)(9)(27) 5 (35)(22)(57) 
 
3.12 HID 1 (2)(1)(3) 2 (12)(6)(18) 3 (26)(15)(41) 4 (10)(9)(19) 5 (5)(3)(8) 
 
 
Lighting of the building facade: (54)(33)(87) 
4.26 LED  1 (0)(0)(0) 2 (2)(0)(2) 3 (10)(1)(11) 4 (20)(16)(36) 5 (22)(16)(38) 
 
3.05 HID 1 (1)(2)(3) 2 (12)(12)(24) 3 (23)(9)(32) 4 (10)(7)(17) 5 (7)(3)(10) 
 
 
Feeling of safeness: (55)(34)(89) 
4.67 LED  1 (0)(0)(0) 2 (0)(1)(1) 3 (1)(0)(1) 4 (18)(6)(24) 5 (36)(27)(63) 
 
2.97 HID 1 (2)(2)(4) 2 (11)(9)(20) 3 (12)(12)(24) 4 (27)(10)(37) 5 (3)(1)(4) 
 
Feeling of comfortability/at ease (more comfortable=5): (55)(34)(89) 
4.56 LED  1 (0)(0)(0) 2 (0)(1)(1) 3 (1)(4)(5) 4 (20)(6)(26) 5 (34)(23)(57) 
 
3.39 HID 1 (0)(2)(2) 2 (11)(6)(17) 3 (16)(8)(24) 4 (19)(17)(36) 5 (9)(1)(10) 
 
Overall Rating/preference: (55)(33)(88) 
4.68 LED  1 (0)(0)(0) 2 (1)(0)(1) 3 (0)(2)(2) 4 (13)(8)(21) 5 (41)(23)(64) 
 
2.89 HID 1 (2)(5)(7) 2 (18)(5)(23) 3 (21)(16)(37) 4 (9)(6)(15) 5 (5)(1)(6) 
 
Can you read this sentence better in the LED or HID lighting? 
 
LED (7)(9)(16) HPS (0)(1) (1) 
Comments: 
 LED can be more “harsh” than HPS 
 I like the HPS yellowness on the limestone facades of the buildings. The LEDs are a little 
too harsh bright even though I feel the HPSs are better. 
 I like to be able to distinguish objects and their color. The LED is much better for giving 
true color. Both provide enough light, but the HPS doesn’t allow for me to distinguish 
objects very well. 
 HPS=bad color rendering; LED=lamp heat issue 
 LED seems brighter and safer than the HPS. 
 Casts less of a shadow compared with HPS “cleaner” 
 It just looks more natural (LED) 
 If energy consumption was considered I might prefer LED but the atmosphere created 
by the HPS was better. Also, its harder to compare with just one LED example 
 One HPS was buzzing. That’s annoying but its probably an older lamp. I don’t think the 
LED will ever buzz. 
 LED was nicer/brighter than I expected. HPS looks crappy in comparison. 
 LED provides brighter, cleaner lighting 
 Feeling of comfort tied directly to colors shown in light. LED shows more color, therefore 
there are more things to observe, which increases comfort level. 
 I like the LED lights better, but I also like the feeling that the HIDs give off, they make me 
feel more comfortable. 
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  Colors are much better for LED. 
 The LED makes objects look nicer than the HID. Makes things more visible. 
 LEDs are far better than HID. 
 HID seem to have more glare when looking at them. Hard to tell some lighting effects 
from my angle, but I definitely prefer the LED even though I rated HID with better lighting 
on some categories. 
 LED is better for point focus and brightness. I prefer LED :) 
 LED provides light that gives better color and makes for a safer feeling. 
 LEDs make it seem very comparable to day outside on campus (not in color) but HIDs 
make me feel unaware of surroundings. HIDs are not attractive. 
 LED lights are cool and safe. 
 LED is a ton better. 
 LEDs are much better in my opinion. 
 I felt the LED lights are more safer and much brighter than the HID lights. 
 I like the ambiance the HID creates. I think the light distribution is more consistent but is 
not as bright as the LED. The LED seems to lose intensity the farther from the light 
source. It also produces a cleaner looking light. 
 LED provides a much more comfortable and well lit space as well as a more true to color 
lighting. also more effective. 
 LEDs are better. 
 I like the change to LED to me it is much cleaner and softer feeling. I feel the change will 
brighten up the downtown area. 
 Go LED! 
 I like the “old” look of the HPS lights on Poyntz because it matches the downtown 
atmosphere, but I like the modern bright clear glass look of the LED lights. 
 The LED lights are more pleasing to my eyes 
 I feel that HPS is appropriate to the overall feel of the city and it is softer, but LED is 
crisper and clearer but I like the feel of HPS. This is hard. 
 Love the LEDs. Glad for the change. 
 LED is a little “harsh” sometimes a softer light isn’t a bad thing. 
 Go LED! ☺ 
 LED looks more updated/”newer” in general whereas the HID looks outdated. Go LED! 
 LED is much better-gives a daylight feel which is appealing at night, walking down the 
sidewalk. 
 Definitely prefer the LED b/c of it’s color rendering & feeling of visual brightness in 
comparison to HID. It feels “sharper.” It does change the limestone more to white than 
tan, but I prefer this. 
 The LED provides a cleaner & more crisp light & is more visually appealing. The LEDs 
seemed more consistent in color whereas the HID seemed to have varying color output 
through the different lamps. 
 LEDs look more attractive, HID lights look cheap in a sense, or old. 
 LEDs good. HPS “old town” feel. 
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  I am very much an aesthetics type of person, so I really enjoy the HID, but at the same 
time, it’s hard to see in it.    I don’t like the “feel” of the LED. It makes the streets too 
sterile looking. But, being a girl, I like the “brighter” light.    Wish there was a medium 
between the two for color. 
 LEDs more shadow because brighter light, but feel safest. 
 It’s a lot easier to distinguish objects in the dark (even from far away) with the LED 
lighting.       I would feel safer at night with the LED lights on Poyntz and would be more 
apt to spend time downtown during the night.       Also the LED lights help bring out the 
texture of the limestone facades better to make the building more aesthetically pleasing. 
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Appendix C - Survey Results - Percentages 
Are you: Male(62%) or Female(38%) Total(89) 
*If the response was “same” or “both” for any of the following questions, it was not counted in 
the results. 
Which light source is brighter/puts out more light? 
LED (87%)(94%)(90%) HPS (13%)(6%)(10%) 
Which light source do you feel safer in? 
LED (92%)(100%)(95%) HPS (8%)(0%)(5%) 
Which light source do you feel more comfortable and at ease in? 
LED (78%)(77%)(78%) HPS (22%)(23%)(22%) 
Which light source do you prefer? 
LED (83%)(88%)(85%) HPS (17%)(12%)(15%) 
Which light source provides better light on the sidewalk? 
LED (98%)(97%)(98%) HPS (2%)(3%)(2%) 
Which light source provides better light on the building facades? 
LED (74%)(84%)(78%) HPS (26%)(16%)(22%) 
Which light source creates more accurate coloring of the building facades and signage? 
LED (92%)(97%)(94%) HPS (8%)(3%)(6%) 
One male overall preferred HID 
Please rate each light source on a scale from 1 to 5 (with 5 being the best) in the following 
categories. 
 
Illumination, the amount of light distributed by the light source: (53)(34)(87) 
 LED  1 , 2 (2%)(0%)(2%) 3 (9%)(3%)(6%) 4 , 5 (89%)(97%)(92%) 
 
 HID 1 , 2 (25%)(18%)(22%) 3 (47%)(59%)(52%) 4 , 5 (23%)(28%)(26%) 
 
Uniformity/evenness of light distribution: (54)(33)(87) 
 LED  1 , 2 (2%)(3%)(2%) 3 (4%)(3%)(3%) 4 , 5 (94%)(94%)(94%) 
 
 HID 1 , 2 (20%)(21%)(20%) 3 (32%)(48%)(38%) 4 , 5 (48%)(33%)(42%) 
 
Ease of reading: (53)(34)(87) 
 LED  1 , 2 (0%)(3%)(1%) 3 (6%)(0%)(3%) 4 , 5 (94%)(97%)(96%) 
 
 HID 1 , 2 (15%)(27%)(20%) 3 (45%)(35%)(41%) 4 , 5 (40%)(38%)(39%) 
 
Ease of seeing and distinguishing objects: (55)(34)(89) 
 LED  1 , 2 (0%)(3%)(1%) 3 (2%)(0%)(1%) 4 , 5 (98%)(97%)(98%) 
 
 HID 1 , 2 (24%)(29%)(26%) 3 (45%)(47%)(46%) 4 , 5 (31%)(24%)(28%) 
 
Color:how the light source affects the true color of objects and building signage: (54)(34)(88) 
 LED  1 , 2 (2%)(0%)(1%) 3 (7%)(0%)(5%) 4 , 5 (91%)(100%)(94%) 
 
 HID 1 , 2 (57%)(62%)(59%) 3 (24%)(32%)(27%) 4 , 5 (19%)(6%)(14%) 
 
Lighting of the sidewalk: (55)(34)(89) 
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 LED  1 , 2 (0%)(0%)(0%) 3 (4%)(9%)(6%) 4 , 5 (96%)(91%)(94%) 
 
 HID 1 , 2 (26%)(21%)(24%) 3 (47%)(44%)(46%) 4 , 5 (27%)(35%)(30%) 
 
 
Lighting of the building facade: (54)(33)(87) 
LED  1 , 2 (4%)(0%)(2%) 3 (18%)(3%)(13%) 4 , 5 (78%)(97%)(85%) 
 
 HID 1 , 2 (25%)(43%)(31%) 3 (43%)(27%)(37%) 4 , 5 (32%)(30%)(31%) 
 
 
Feeling of safeness: (55)(34)(89) 
 LED  1 , 2 (0%)(3%)(1%) 3 (2%)(0%)(1%) 4 , 5 (98%)(97%)(98%) 
 
 HID 1 , 2 (24%)(32%)(27%) 3 (22%)(35%)(27%) 4 , 5 (54%)(32%)(46%) 
 
Feeling of comfortability/at ease (more comfortable=5): (55)(34)(89) 
 LED  1 , 2 (9%)(3%)(1%) 3 (2%)(12%)(6%) 4 , 5 (98%)(85%)(93%) 
 
 HID 1 , 2 (20%)(24%)(28%) 3 (29%)(24%)(27%) 4 , 5 (51%)(53%)(52%) 
 
Overall Rating/preference: (55)(33)(88) 
 LED  1 , 2 (2%)(0%)(1%) 3 (0%)(6%)(2%) 4 , 5 (98%)(94%)(97%) 
 
 HID 1 , 2 (36%)(30%)(34%) 3 (38%)(49%)(42%) 4 , 5 (26%)(21%)(24%) 
 
Can you read this sentence better in the LED or HID lighting? 
 
LED (100%)(90%)(94%) HPS (0%)(10%) (6%) 
Comments: 
See Appendix B 
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 Appendix D - Poyntz Avenue CAD Drawing 
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 Appendix E - Existing HPS Fixture Luminance Measurements 
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 Appendix F - Replaced LED Fixture Luminance Measurements 
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 Appendix G - Cut-Sheet, Poyntz Existing HPS Fixture  
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 Appendix H - Cut-Sheet, Poyntz Proposed LED Fixture 
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